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DECLARATION OF STEVEN HANEY, PH.D. 

PURSUANT TO 37 CFR §1.132 

Dear Sir: 

I, Steven Haney, a citizen of the United States residing at 72 Adams Road, Concord, MA 
01742, hereby declare as follows: 

1. I received a B.A. in biochemistry from the Stony Book University, NY in 1984 and 
was a awarded a Ph.D. in biochemistry from the University of Michigan in 1991. 
From 1991-1996, I was a Research Fellow at Princeton University, NJ. I am 
employed as a principal scientist in the Cancer Genetics Group at Wyeth located at 
35 Cambridge Park Drive, Cambridge, MA 02140 and have been so employed 
since 2001. My responsibilities include conducting and supervising cancer genetic 
research, and in particular, I am involved in profiling gene expression in human 
prostate tumors in comparison to cancer cell line models. Prior to taking this 
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position in cancer genetics, I worked on genetic approaches to infectious diseases at 
Wyeth in Pearl River, NY for four years. 

2. I am familiar with the above-identified patent application. I have reviewed the 
Office Actions mailed December 4, 2003 and July 15, 2004 with respect to the 
patent application at issue. I understand that the latest Office Action rejects the 
pending claims pursuant to 35 U.S.C. § 101 for lacking a specific, substantial or 
well established utility and pursuant to 35 U.S.C. § 112, first paragraph for lacking 
support by a specific, substantial or well-established utility. I have reviewed the 
application, and I believe that one skilled in the art would immediately appreciate 
that the invention has specific and substantial utility as a marker for human prostate 
cancer based upon the teachings of the application. I further believe that the 
disclosure in the application that expression of SMARCD-3 is decreased in the 
LNCaP cell line model of human prostate cancer provided support for this specific 
and substantial utility. 

3. I understand that the Examiner has asserted that since change in the level of 
expression of a gene in a tumor as compared to normal corresponding cells is 
unpredictable, one cannot determine that SMARCD-3 would be differentially 
expressed in prostate cancer tissues versus corresponding normal cells. 

4. Based on my knowledge and experience in the field, I believe and declare that one 
skilled in the art would recognize that the LNCaP cell line model used in the 
experiments described in the application is a well-characterized model of human 
prostate cancer. Consequently, a decrease in SMARCD-3 expression in the LNCaP 
cell line model is indeed predictive that expression would also be decreased in 
cancer tissue. 

5. I understand that the Examiner has further asserted that the claimed method "is 
based on a flawed method, i.e. using Affymetrix screening an underrepresentative 
number of genes... [since]. ..the cRNAs from a total of 6000 genes of the claimed 
invention would not be representative of all mRNAs present in a cell." I have 
reviewed the application, and I believe that one skilled in the art would recognize 
that genes, which were found to be statistically significantly expressed (p < 0.05, 
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using a two-way analysis of variance (ANOVA)) in response to a natural androgen 
DHT in LNCaP cells based on the Affymetrix Genechip™ screening of 6800 full- 
length genes, provide specific and substantial utility as a marker for prostate cancer. 

6. Well-characterized human cancer cell lines, such as LNCaP, are routinely used and 
have proven to be highly predictive of in vivo results. The LNCaP cell line, which 
was established from a metastatic lesion of human prostatic adenocarcinoma, has 
been widely used in the study of prostate cancer for over 20 years. The enclosed 
seminal journal article establishes the LNCaP cell line maintains malignant 
properties, hormonal responsiveness and drug sensitivity of the prostate 
adenocarcinoma (Horoszewicz, J.S. "LNCaP Model of Human Prostatic 
Carcinoma" Cancer Research, 43, 1809-1818 (1983)). Those skilled in the art view 
LNCaP cells as an established in vitro model of prostate cancer as evidenced by the 
fact that this seminal article establishing the LNCaP cell line has been cited over 
800 times in other peer-reviewed journals. 

7. Recent articles have verified that the LNCaP model of human prostate cancer 
progression and metastasis "closely mimics the genetic and pathological processes 
of cancer growth and progression in men" (Thalmann, G.N., et al. "LNCaP 
Progression Model of Human Prostate Cancer: Androgen-Independence and 
Osseous Metastasis" The Prostate 44: 91-103 (2000)). The LNCaP cell model 
expresses prostatic acid phosphatase, androgen receptor, and PSA, which is a 
hallmark of the prostatic phenotype and an invaluable marker of prostate cancer 
progression. 

8. As described in the specification of the application at issue, the identified marker, 
SMARCD-3, was found to be significantly (p<0.05) and differentially expressed 
between the diseased and normal tissues. The LNCaP well-established cell line 
model of human prostate cancer was used to show that SMARCD-3 decrease in 
expression in prostate cancer cells after androgen treatment. The prostate specific 
antigen (PSA) gene, which is recognized in the art as a diagnostic marker of 
prostate cancer, was used as an internal control showing that decreased expression 
of SMARCD-3 corresponds to the expected increase in PSA expression in prostate 
cancer cells. 
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9. 



10. 



Therefore, one skilled in the art would appreciate the accuracy with which the cell 
line model of prostate cancer mimics the genetics of human prostate cancer and 
further recognize the application's analytical techniques (e.g., RNA extraction, 
quantitative RT-PCR, western blot analysis, statistical analysis, and tissue 
microarray analysis) to be well established. One skilled in the art would conclude, 
as I have, that the in vitro data presented by the applicant is well correlated with the 
invention as claimed, namely the methods of the invention to diagnose or monitor 
development or progression of prostate cancer in humans. 

I further declare that all statements made herein of my knowledge are true and that 
all statements made on information and belief are believed to be true; and further 
that these statements were made with knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under § 1001 of 
Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 
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LNCaP Model of Human Prostatic Carcinoma 1 



Julius S. Horoszewlcz, 2 Susan S. Leong, Elzbteta Kawlnski, James P. Karr, Hannah Rosenthal, T. Ming Chu, 
Edwin A. Mirand, and Gerald P. Murphy 

n-wtmento of Odfttfcaf flesources (J. S. H., S. & L, £ K, E. A. MJ, Experiment* Surgery [JJ>. K.. 6. P. ».), Genets and Endocrinology [H. RJ, and Diagnostic 
toZnotogy and Biochemistry U- »■ C.j,floswe« Park Memorial AnsHMe, Buffalo, Now York 14263 



ABSTRACT 

The LNCaP cell fine was established from a metastatic lesion 
of human prostatic adenocarcinoma. The LNCaP cells grow 
readily in vitro (up to 8 x 10 5 ceOs/sq cm; doubling time, 60 lir), 
form clones in. semisolid media, are highly resistant to human 
fibroblast interferon, and show an aneuplofd (modal number, 76 
to 91 ) human male karyotype with several marker chromosomes. 
The malignant properties of LNCaP ceOs are maintained. Athymlc 
nude mice develop tumors at the injection site (volume-doubling 
time, 86 hr). Functional differentiation Is preserved; both cultures 
and tumor produce acid phosphatase. High-affinity specific an- 
drogen receptors are present In the cytosd and nuclear fractions 
of calls in culture and tn tumors. Estrogen receptors are demon- 
strable tn the cytosol. The model is hormonally responsive. In 
vflro, 5a-oTrryoYotestosterone modulates oeD growth and stimu- 
lates acid phosphatase production. In vivo, the frequency of 
tumor development and the mean time of tumor appearance are 
skjmftcantiy different far either sex Male mice develop tumors 
earler and at a greater frequency than do females. Hormonal 
manipulations show that, regardless of sex, the frequency of 
tumor development correlates with serum androgen levels. The 
rate of the tumor growth, however, is independent of the gender 
or hormonal status of the host. 



extrapolating data derived from animal models to human neopla- 
sia. 

The development of a correspondingly wide array of appropri- 
ate models of human origin Is hindered by difficulties in sustaining 
the propagation of human CaP ceOs outside its natural host. 
With few exceptions (12, 33), the athymlc nude mouse fans to 
provide satisfactory growth environment for direct CaP xeno- 
grafts from patients (10, 34). Although human prostate cancer 
cells grow readily as short-term explant cultures (6, 16, 24, 45), 
reports on established malignant cell Ones with convincing pedi- 
gree are rare (14, 20, 27, 42). In addition, some of such cell fines 
faO to maintain markers characteristic of CaP: e.g., production of 
secretory human prostatic acid phosphatase (19, 42); organ- 
specific prostate antigen (30); responsiveness to sex hormones 
(19, 42); or the presence of the Y chromosome (19). 

The subject of this report Is thecefl fine LNCaP which we have 
isolated from a metastatic lesion of human prostatic cancer (14). 
The growth properties In vftro. donogenic- potential, karyotogy. 
androgen responsiveness with its attendant presence of specific 
receptor molecules, and tumorkjenlclty In Intact and hormonally 
manipulated athymic nude mice are described. These data ex- 
tend our knowledge toward a full characterization of a versatile 
new model suitable to study human prostatic cancer tn the 
laboratory. 



INTRODUCTION 

CaP 3 is the second most frequent tumor of males In the united 
States (41). unknown etiology, variable pathology, Intricate re- 
lationship to endocrine factors, and anaplastic progression con- 
tribute to the complexity of this disease and confound the 
investigator. The progress toward establishing effective methods 
for early detection and successful management of CaP is predi- 
cated on both clinical studies and laboratory experimentation 
wtth appropriate models. Extensive studies on models of rodent 
prostate carcinoma (7, 9. 18, 23, 32, 40) have already provided 
a better understanding of the biology of prostatic neoplasia. 
These tumors, derived from rat prostate, are readily transplant- 
able, and the tumor cells proliferate In vftro. Their value as models 
is based on the preservation of malignancy, biological and bio- 
chemical markers, hormonal responsiveness, and drug sensitiv- 
ity. Their limitations stem from apparent restrictions Imposed on 
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MATERIALS AND METHODS 

Culture Medium. The LNCaP cell One was originally estabBsned (14) 
and subsequently propagated in RPMH 640-GA (Grand Island Biological 
Co.. Grand Island. N. Y.) and supptemented with 5% (v/v) heat-lnactt- 
vated single** (No. 30001 OH) FBS (K.C. Biological, Inc., Lenexa, Kara.). 
Forhornx)nBresponsWenBSsexperirr^t3,ZSD(AMf Irnrniino-fieagents 
Inc., SeguJn, Texas) was ullized tn place of FBS. ZSD Is a convnercialy 
processed serum of bovine origin. The concentration of steroids b 
reduced by charcoal filtration by approximately 20-fold tn comparison 
with regular FBS. Data provided by the manufacturer for the single lot 
(No. 050481) of serum used In our experiments Indicated the foBowing 
concentrations: testosterone, 72 dm; 17/9-estradtol, 58 pm; Cortisol, not 
detectable; DHT, not determined; cholesterol, 0.62 mm; tnsufln. a /omits/ 
ml; and total protein, 45 mg/ml. The DHT was obtained from Sigma 
Chemical Co. (St Louts, Mo.). 

Celi Propagation. Confluent monolayers (6 to 8 x 10* cetls/sq cm) of 
LNCaP cefis cultivated in 75-sq cm pfastto flasks (Falcon Plastics, Ox- 
nard, Calif.) were dispersed with trypsin (0.05%):EDTA (0.02%) solution 
(Grand Island' Biological Co.) and counted. The calls were Inoculated Into 
new vessels at 3 to 8 x 1 0* cetls/sq cm In RPMH 640-GA with 6% (v/v) 
FBS (0.1 ml/sq cm) and left undisturbed for 48 hr In the Incubator (37°, 
5% CO> atmosphere) to facilitate attacrrment The cultures were fed at 
5- to 7-day Intervals with fresh 'medium (0.3 rrrl/Bq cm) of the same 
composition. LNCaP cells from between the 30th to the 55th passage In 
vflro were used to conduct these studtes. This corresponds to between 
100 and 300 population douMngs after the original isolation. The cells 
are free of Mycoplasma. 

CeD Counts. An electronio particle counter (Model ZB-1 Coulter 
Counter) was used to" enumerate formalin-fixed nuclei from detergerrt- 
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lysed cefe according to the method of Butler era/. (4). 

Karyology. Fc* cytogenetic analysis. LflCaP cultures were hcub8ted 
with Coloemld (0.01 5 (ig/ml; 2 hr; Grand Island Biological Co.), harvested, 
treated with hypotonic solution (0.076 m KCf), fixed with methanotaoetic 
add (3:1). and spread on dry sides. The Ghbandhg method (36) of 
staining was used for chromosome Identification and analysis. 

Sex Hormone Receptors. Methods used tor the preparation of cytc- 
sols. nuclear fractions, and measurements of steroid receptors were 
published (1 1 , 25, 39). Briefly, for androgen receptor determinations, the 
competition binding assay with methynrtenotone (17pMiydraxy-17-meth- 
ylestra-4,9,1 l-trien-3-one) In the presence of trlarnclnolone acetonlde 
was used (11, 43). Estrogen receptor was quantified by the dextran- 
coated charcoal assay (25) as weD as the sucrose density gradient 
analysis 09) Including nafoxkfine as the competitor for the binding of 
radioactive 17/J-estradtol. 

Where epproprtatB, the binding was analyzed using the Scotchard plot 
method (38). The concentrations of protein (22) and DNA (3, 35} were 
determined as published. 

f^yMethyrtnenolone (specific activity, 87 Ct/nmoD and nonradioactive 
rnetrrynrterolone as wefl as 17/H2A6,7- a H)eatradlol (specific activity, 90 
Ci/mmoQ were purchased from New England Nuclear (Boston, Mass.). 
The trfzma (free base) and triamdnolone acetonlde were obtained from 
Sigma. Norit A charcoal was purchased from Mathesen, Coleman and 
BeB Manufacturing Chemists {Norwood, Ohio); dextran (Grade C, U, 
60,000 to 90,000} was obtained from Mann Research Laboratories (New 
York, N. y.y, and sucrose (RNase free) was purchased from Schwarz/ 
Mann (Orangeburg, N. Y.). Otthtothrertol was obtained from CsJbkxhem 
(La Joua, Cafrf.), end nafoxkfine was a gift from the Upjohn Co., Kara- 
mszoOi Wfch. 

AP. AP activity was determined by the method of Babson end PhSBp3 
(1) using 3 rrw <M»aprrthyl add phosphate sodium salt as the substrate, 
0.02% Fast Red B sett (5-rBtro-2-entirwmethoxybenzene diazotate) as 
the color developer and 6 ntM o-naphthol as the standard. AB these 
reagents wore obtained from Sigma 

HuFHfi. The highly putflad (specific activity, 2 x 10 7 reference units/ 
mg protetn) HufFN/} used In these etudes was prcduced hour laboratory 
for drucal trials (21). trrterfaron assays were carded out using published 
methods (13, 15). The International reference standard of rwnan fibro- 
blast Interferon (G-023-902-527; Research Resources Branch, NIH) was 
Included in each assay for calibration, and titers were expressed in 
reference units as geometric means of triplicate tests. 

Athymtc Nude Mice. A breeding nude mouse colony has been main- 
tained tn our laboratory since 1976 under pathogen4mrted conditions. 
The animals bear a nu/nu genotype on super Swiss and C3H back- 
ground, end their fife span Is in excess of 12 months. 

Tumor Induction. Tumors were Induced in athyrnlc nude mica (6 to 8 
weeke old) by Injection of cultured LNCaP ceOs.Tre eels were dispersed 
by trypsin, washed (twice) in serum-free metSum RPMM640 (10 rrtn 
.centrtfugatJon. 200 x g), resuspended (2X1C/ ceils/ml, same medium), 
and Injected (0.2 ml) s.c. between the shoulder blades of each mouse. 
The tumors were measured with calipers (2 perpendtoiar diameters), 
end the tumor, volume was calculated using the formula W 2 x L/2 cu 
mm (W, shorter diameter; L. longer diameter (mm)]. 

Hormonal Manipulations. Castration or ovariectomy were performed 
3 days before Inoculation of LNCaP cells. Pellets, containing either 2 mg 
testosterone propionate or 2 mg 170-estradlol. with cholesterol, Emcom- 
press (Edward Mendel, Cermet, N, Y.), and magnesium stearate as 
exdplents were prepared by the Roswef Park Memorial Institute Drug 
Formulation and Development Laboratory and Implanted s.c. 3 days 
before inoculation of LNCaP cells. Both hormones were purchased from 
Sigma. 

RESULTS 

Studies In Vitro 

LNCaP Call Cultures. The LNCaP cells form monolayers 
which are only weakly attached to the surface of plastic culture 



vessels. The cultures requtreigentle handling at aB- times 
the cells could be easily dislodged by tapping, shaking, 
ptpeting. The reattachment of dissociated ceils Is slow, and 
about 70% of cells from tne original inoculum adhered to 
growth -surface within 40 hr. Varying the concentration of , 
between 1 a«l15%(v/v)ck)esrtotmrja3uriiWyaflectthiS|: 
(data not shown). The low anchoring potential is also resp 
for the 10 to 20% cell loss during media changes In long-t" 
experiments. When cell density In excess of 8 x 10 s ceds/sq 
is reached, the cell sheet tends to detach spontaneously. ! 
concentrations of LNCaP ceils, dispersed by routine trypsin 
•ton or by mechanical manipulations, form clumps which 
difficult to dissociate or count reOabty. Accurate eel counts i 
be obtained after lysing the cells and counting the free nuclei (4); 
To initiate growth in new cultures, a broad range of inocula (fronjS - 
5 x 10 s to 1 x 10 s ceBs/sq cm) could be used (Chart 1). • * 
Serum Requirement Cultures of human cells In vitro require,^ 
serum supplement for growth. The optimal concentration varies f, 
for different cells and is usually tower for cells derived from£ 
tumors .than from normal tissues. To characterize further the J- 
LNCaP cells In vitro, their growth in RPMH640-GA supptoo ; 
merited with different concentrations of FBS prom 0.01 to 15%m 
(v/v)l was measured. The results (Chart 2) show that LNCaP • 
cess can proliferate In the presence of a broad range (0.1 to-V 
15%) of FBS concentrations. Maximal growth was obtained'^' 
uslrtg media supplemerrted with 2.5% to 15% FBS. Under these 
culture conditions, the mean pcptilatJon-doubftig time was ca> *" 
culated to be approximately 60 hr. Lowering the serum concen- 
tration resulted in slower growth. At a FBS concentration of 

0. 01%, the number of cells in the culture slowly declined. For 
maintenance of ceD stocks and experiments In vitro, 5% (v/v) 
FBS was routinely added to medium RPMMS40-GA. . . 

Cloning. Single malignant ceOs are capable of colonial growth 
in semisolid media; Table 1 shows that LNCaP ceOs have en- 
chc^e-Jndependent proliferation and can be cloned easily and 
with good efficiency. From plates inoculated with the lowest 
number of cells. 13 individual clones were isolated, propagated, 
and cryopreserved (10% dimethyl sulfoxide, liquid Nz storage) 
for future studies. 

Karyology. The LNCaP ceSs were examined as to their kar- 
yotogfcal characteristics at 12 and 32 months after initial isolation, 

1. e., after approximately 100 and over 300 population doublings 
In vitro, respectively- At both points in time, the LNCaP cells 
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Chart 1. In vitro growth ot LNCaP cells tram inocula d different concentrations, 
aspersed LNCaP eels were seeded h tissue cutturs murUweO plates (6 weds/ 
plate; 8.62 aq crryweJ) (Unbro, Hamden, Conn.) at S x 10* W, 1 xlOT?), 5 * 
10* (C% and 1 x Id" (•) cets/tq cm and grown (37", 6* CO*) h RPMM64WJA 
with 6% (v/v) FBS. CM counts (in trSptioato from 3 wens) were earned cut after 3, 
6. and 8 days without media change. The number of eels per sq em is plotted 
against Brno h hr after seeding.' 
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\ exhibited grossly aneuplold human male karyotype with several 
marker chromosomes present At 32 months, the number of 
f\? chromosomes ranged from 33 to 91 with a modal number of 76 

!0 8 
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Chart 2. Growth of LNCaP cess fn vitro In the presence erf eSrferem concentra- 
tions of FBS. aspersed LNCaP eelb were seeded at 4 x 10* ceas/sq em h B-wd 
dates and g/own(3r.S%CO») In RM^1640-GAwm 
HJS. Cd courts <tn tnpfcate tram 3 web) were carried out after 7, 10, and 14 
days without medium change. The number of cdls/sq cm Is plotted against ttnah 
h- itof seetfng. FBS concentrations (%, v/V): V, 0.01; ■. 0-1; O. OA A, 1.0; A, 
25; d 7.5; #.15. 

Table 1 

Colonial growth ot LNCaP eatts or semfeoW agar 
FresKy trypslrfeed INCaP cetla (1.0 ml) In RPMH64&QA supplemented wltti 
5% (vM FBS were mixed with an equal volume ot the same medium contaWng 
0.6% agar (40*). The dtspersed oete were plated (in trioleate) over underlays (2.0 
ma ol flie same metSum somsiled with 05% agar in 50mm rjtaltePeW ashes 
(Falcon Ptasto). The plates were examined rrtoroseopicallyovef ap^wim1-nn» 
squares to count and to map any dumps containing 2 or more ceSs. After 3 weexs 
ottio*iaBcnc^.S%COO,color^dertve^ 

% of total no. of cets plated 



No.ofcels/ptate 



donlng efficiency 



Clumping rate 



1x10* 
1xi(r> 
5x10* 
1X10* 
6x10* 



TMTC* 
TMTC 

15.0 

12.0 

10.4 



TMTC 
TMTC 
3.6 
1.8 
0.8 



"TMTC. too many to count 



to 91 0n 26 of 48 metaphases counted) (Table 2; Fig. 1). Some 
marker chromosomes were present consistently: mi, long sub- 
metacentric marker chromosome of unknown origin; m» and nv. 
Identified as t(1;16); rrts and n>, Identified as 10q-. The last 4 
(rru to nv) were usually present hi 2 copies. Other chromosome 
abnormaDtJes have been observed with lesser regularity. 

Sex Hormone Receptors In Cultured LNCaP Cells. Specific 
androgen- and estrogen-binding proteins were reported in normal 
and neoplastic human prostatic tissues (8, 11. 28, 43). To 
determine if these maoomolecutes are present In the LNCaP 
cells maintained In vitro, androgen receptor in both the cytosol 
and the nuclear extract and estrogen receptor In the cytosol 
were measured: Table 3 shows that both specific androgen and 
estrogen receptors are present In the cytosoL Nuclear androgen 
receptor was also detected, but at a relatively lower concentra- 
tion. Scatchard plot analysis (Chart 3) of the results Indicated 
the presence of a separate single class of specific high-affinity, 
low-capacity, and saturable androgen-blnding molecules. 

DHT Modulation of Cell Growth and AP Production. Human 
prostatic ephtteOaJ ceDs In vivo are responsive to male sex 
hormones. Therefore, both the cell proliferation and the AP 
production in LNCaP cultures In media supplemented with DHT 
were studied. The DHT concentrations tested (between 1 rw 
and 1 iM) include and exceed the normal range of DHT levels 
found to the serum of healthy males (0.8 to 4.1 mw) (37). Simul- 
taneous and parallel experiments were conducted using media 
supplemented with 5% (v/v) of either ZSD or FBS. ZSD was 
used because it is depleted of- steroid hormones by activated 
charcoal during the manufacturing process. The LNCaP cells in 
RPMM640-GA supplemented with 5% (v/v) ZSD grew at a 
slower rate with a mean population-doubling time of approxi- 
mately 1 44 hr as compared with the 60 hr for cells cultivated to 
medium with 5% (v/v) FBS. ZSD, however, does not contain 
apparent Inhibitors of LNCaP cefl division, since its addition (up 
to 10% v/v) to media already ;<xjntaining FBS (at 5% or 10% 
v/v) <fid not diminish the growth rate of the cultures (data not 
shown). 



Table 2 

Ctmmosoma number distribution of LNCaP cells after 12 and 32 months ol growth In vitro 
The chromosome number was obtained from photographs of stained (trypsn-Glemsa) specimens of cea? arrested in 



metaphase (see at 


to Fig. 1). 












DtetrtouBon of cells wtth following ra*rtbers of ohr 


omosomes 


Total No. of 




33 40 


41 45 48 47 46 49 64 57 60 64 69 


76-84 and 
70 72 above 


calls 
counted 


12 mos. In vitro 
32 mo9. In vitro 


r 2 


3 2 1 11 1 
14 4 1 2 1 


2 2 26 


24 
46 



TaUe3 

Androgen end estrogen receptors In cultured LNCaP ceth 
Fm«K*io(2amerlmerrtsahown 2x10' IMCaP eels were mechanically removed from culture vessels. cenMfuged (200 x g, 10 min, 0°), am) washed twice Mce- 
oJ*JZ%£? petetefwem repSy frozen riMh Md Hi una used (wtlhln 30 days). Cwrjwflta, Undng essays ot^^a^nuctear 

SfractXa^ ^Z^^cr^r^^c^^ used to determine androgen and estrogen recopt^r^nt. K ya**3wer| *rtved from Soatchard plots. 

J55g Androgen receptor Estrogen receptor (In oytosol) 



Ex- 
pert- 
ment 



mg DNA/g mg oytosol pro- 
eels tejyjceja 



In cytosol 



In nuclear extract 



frrtol/rrtg 
DNA 



fmci/mg cyto- 
sol protein 



K«(nM) (tmol/mgDNA) ,K«(nM) 



fmol/mg fmol/mg cyto- 
DNA sol protein Kafriw) 



65 
35 



315 
365 



670 
2160 



153 



1.4* 
0.9 



ND» 
309 



NO 
15 



260 
68S 



44 

72 



4.7 
52 



'For ScatchBTdptat see Chart 3. 
NO, not determined. 



..APRIL 1983 



1811 



09/27/04 16:21 FAX 617 638 4233 



BU MEDICAL LIBRARY 



@008 



J. S. Horoszewlcz et al. 



O WKUk Bung, if 




OJ04 OjO« 0.12 0.16 020 0.24 0.28 032 036 0X0 
[Bj in nU 

Charts. 8catcfiard plot analysis of androgen binding (B) Blithe oytoeol from 
oulturBd LNCaP cats. DupOcate oytoeol samples (ZOO /d. 3.1 rng protein per ml) 
were Incubated (22 hr, 4°) vi^[^ifXnethyrW«K^ 
to 16.2 na) In the presence and in the absence of oonradtoactive metrryttrfenolone 
(508 mi). The mixtures contstisd also triamcinolone acetonkJe (1000-fold excess). 
Protein bound radioaceyfty was determined using the dextran-ooeted charcoal 
technxrje, and the fraction spectflcally bound was catenated. The cataiated K. Is 
1.4 nni. 



I 

(Chart 5) regardless of which 6erum, ZSD or FBS, was used. 

Resistance to frtterferon. interferons are glycoproteins v 
antiviral as wefl as antiproliferative activities. Both activities 
readily demonsttable on a wide range of normal and neo 
cen types. Since Interferons are being tested as potential 
peutta agents in a variety of human tumors, Including pr 
neoplasia, the In vitro BusceptMlty of LNCaP cells to Hul 
was measured. HulFN/9, at concentrations as high as 10, 
reference unlte/ml, was found to have only a negligible effect 
the proliferation of LNCaP ceils during the 7-day period 
exposure (Table 4). The presence of Interferon did not affect 
cell viability or influence the levels of AP production. The 
feron levels detected at .24 and 96 hr postadditlon (Table 
Indicate that the expected decay of Interferon activity in LN 
cultures is not greater than either the decay observed C 
Incubation in caMree medium (data not shown) or the ' 
reported for other cells (13). *3 

To determine whether Interferon could Induce an antiviral states 
in LNCaP cells and thus prevent the killing action of vesicuWy 
stomatitis virus on these ceDs, HulFN/3 (10 to 10,000 reference^ 
units/ml) was prelncubated with the cells for 24 hr. Such treats 



3 

Ci 
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~0 YS , p 9 <f T u* o ycrtftf*? 

5a DIHYDROTESTOSTERONE COfK£NTrW10N (M) 

Chart 4. Effect of DHT on proliferation of LNCaP eels ki culture. LNCaP oeBs 
were cuftured for 20 days (37», 5% COJ In nKxftimRPMM64fr©Awlth5%toM 
ZSD and then seeded tn tissue culture 6-well plates (9.62 sq crruptata) at 1 x 10* 
cefls/sq cm In the same medium (0.1 tnl/sq cm). Folowlng attachment (48 hr), the 
medium was changed (0.2 ml/sq em): one half of the cultures (A) were fed metfarn 
RPMI-1S40-GA with 5% (v/v) ZSD, and the other half (B) were fed with 5% (v/v) 
FBS. At this tjma, DHT solutions (0.1 ml) In RPMM640-GA were added to each 
plate to obtain DHT concentrations indicated on the absciss*. Controls received 
0.1 ml of a 0.2% solution of sotvenl mixture (ettanoteropylerBtfyool,9:1)lnwnlcli 
stock DHT solution (10 him) was prepared, resulting In final etnanot concentraOons 
of 0.07 mg/rrt final propytene glycol o orc errtrat lpr a of 0.01 mg/rrt Meda and 
hormone were replaced after 8 and B days. Cei counts On trioleate -from 3 wels) 
were carried out at 1 20 hr (O), 192 hr A, and 31 2 hr (•) after DHT add! Hon. Media 
harvested at the time of oaJ counting were used to measure AP acfjvity (see Chart 
5). 

The addition of DHT to growth medium has a distinct modu- 
lating Influence on the proliferation of LNCaP cells (Chart 4). The 
orderly and dose-dependent curves obtained demonstrated 2 
apparently different effects of DHT depending on which serum 
(ZSD or FBS) was present In the medium: (a) the addition of 
DHT to media supplemented with ZSD stimulated cell prolifera- 
tion at all concentrations tested, with an optimum of about 10 
nM (Chart 44); and (to) DHT addition to media supplemented with 
FBS resulted in a dose-dependent suppression of cell prolifera- 
tion (Chart 4B). 

The AP activity In the LNCaP culture medium is also Influenced 
by the addition of DHT. DHT was found to have potent stimula- 
tory effects over the entire range of the tested concentrations 
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5a DIHYDR OT ESTOST E RONE CONCENTRATION (M) 

Charts. Effect of DHT on the activity of AP h LNCaP culture fluids. AP 
concentration was measured htripfcate In culture fluids Iran the sanwexpertrnert 
illustrated by Chart 4. A, cats in RPMH64043A with 5H (v/v) Z8D; B, cells ki the 
same medium with 5% (v/v) FBS. Besutta are expressed In mBbntts (mu) of AP 
per 10* cells and are plotted against Increasing concentrations of DHT on the 
abscissa 120 hr(0). 1S2 hr(A), and 312 hr(«) after DHT addition. 



Table 4 

Effeft of Hump on LNCaP coth 

sq cm. 25*» om ptasBo flasks (Falcon Plastics) at Time 0. The growth medium 
(5,0 ml) end Interferon ware replaced at 96 hr. Total eel counts, vtabHty, and AP 
activity Vi the cufore fluids vtere detOTtlned at 168hr. trrterferon In culture lUds 

was assayed as published (13). . 

trr^ercr, (referent ur^/rrfl 

ton doublings at Celviab»- 

Ohr 24hr ISBhr 168hr t/pt) 



AP(rr*rnlts/ 
10* cats) 



10.000 6.200 870 

1,000 790 46 2.7982 

100 48 <B 2.804A 

None <8 <6 2-7993 



61 



SA 
4.0 
4.1 
4.6 



* By trypan blue exclusion. 
6 W.notoWerrntned. - 
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Tables 

LNCaP tumors In male and female athymic nude mfce 
ft Mies (8 to 8 weeks old) were given s.c. injections of 4 x 10* cultured LNCaP 
Sells and observed for 12 weeks. Tumors were measured with cafipersat5-to7- 
!, ay Intervals, Data were oombfried from 2 to 6 experiments. 

Mean time of tumor Calculated mean tu- 
appearance (days Tumor ind- mor volume-doubling 
postmjection) pence f» Bme(hr) 

23.79 1 0.85°-* 58? 65.5 ±6.5" 

33.84 ± 2.02* 38^ 87.7 ±8.1"* 



Males 

^.females. 

Sgniflcanoe of dS- 
ference 



p<0.0001* p< 0.0005* Not significant' 



•r. 



*n=28. 
£ "Mean* Si. 

°n = 153. 
" 'it = 15. 

•n - 68. 

'no 162. 

f Students" t test 
• Vtest 




100 1000 (0000 COflOO 

TUMOR VOLUME (mm s ) 

Charts. AP activity in the plasma of athymte nude mice with LNCaP tumors. 
Plasma samples were taken at weekly intervals from 4 male and 5 female mice 
vrfth LNCaP tumors. AP activity in the plasma was plotted against tumor volume 
etthe time of sampfng. Control range [4.1 to9.4rrdlllurUt3(mCnym0wa3e3tabl3had 
on plasma samples from 11 male [6.4S ± 0.54 mnuntts/mQ and 9 female [8.09 ± 
058 milllunita/mlj athymrc nude mice without tumors. 



Human Prostatic Carcinoma Model 

ment did not result in protection of the cell sheet from total 
destruction (within 36 hr) when challenged with vesicular sto- 
matitis virus at 100 times lower multiplicity of Infection then used 
routinely for interferon titrations. This result indicates that LNCaP 
ceils In culture are at least 1 million-fold more resistant than are 
normal human diploid fibroblasts to the induction of antiviral 
protection by HulFN/J. 



4 



tudles In Athymic Nude Mice 



Inoculum. The frequency <jf tumor formation following s.c 
injection of 3.3 x 10 s and 16.5 x 10 s cefls/animal did not 
significantly differ 5 of 10 and 6 of 10 animals, respectively, - 
developed tumors. No tumors grew after injection of 0.65 x 10* 
ceils (10 mice) for up to 4 months of observation. For further 
studies, a tumor-irKjucing Inoculum of 4 x 10 s ceils, injected s.c. 
h 02. ml, was chosen. 

Tumor Formation and Growth. Nude mice given injections of 
LNCaP cells grown In vitro developed at the Injection site poorly 
differentiated adenocarcinomas (14). Palpable tumors appeared 
between 14 and 56 days oostinoculatjoh. Once formed, the 
tumors grew rapidly (Chart 7). During the exponential phase of 



TaWaB 

AP acaVfty to ins plasma and LNCaP tumors torn nude mho 
Four athymic nude mice with LNCaP tumors were bled, the plasma was 
coHect ea . and AP activity was measured according" to the method of Babson end 
Philips (1). The tumors were dissected, weighed, and homogenized Oca oath; 
SorvaiOTrvWiSxervirmmtcroerttectaner* 

m: pH SJy. 3 nt/g tumor) containing Tween 80 (0.01%). AP and proteti were 
measured In the cytosol (supernatant after centrffugatlon of the homogenate at 
106.000 g far 60 rrtrp (1.22). 











Cytosol AP 


Mouse 




Tumor wt 


Plasma AP 


Total 


mffiunfts/mg 
protein 


Sex 


fe) 


(mHunOs/nm 


mmiunrts 


1 


Female 


8.7 


508 


23,879 


107 


2 


Male 


1.05 


39 


3,781 


193 


3 


8.4 


16 


12.115 


34 


4 




8.4 


26 


15,577 


39 



Table 7 



trVCaP tamor ofevafoprnenf si Intact and hcmonaBymanpuhtedethymlcnudemleo 
Mice (8 to 8 weeks olol were castrated, orarlectorrfe 
cm 2 experiments were combined: Experiment 1 1nvolved Groups A, B, C, F, O, and H; Experiment 2 Involved Groups A. B, D, E, F. G, I. and J (sea also Chart 7). 

StattsVcaly significant dSference" at 



Experimental groups 



Plasma testosterone 
(nfl/ntT)* 



Animals wfBi tumors/animals 
Inoculated 



% with tumors 



p<0.01 from 
Group 



p < 0.05 from 
Group 



4. 



Males 



A. Normal Controls 

B. Castrated 

C. Castrated + testosterone'' 
O. Castrated + estradjor 

E. Normal 4- estradtor 



Females 

F. Normal controls 

G. Cvarlectomtzed 

H. Ovarleotombed + 

I. Ovarlectorrifeed + 
J. Normal + 



IS 
<0.1 
0.45 
NIT* 
NO 



<0.1 
<0.1 
0.49 
NO 
NO 



18/29 
7/32 
8/14 
7/14 
7/14 



10/30 
7/2B 

13/16 
6/14 
8/15 



62 
22 
67 
50 
60 



33 
25 
B7 
43 
83 



B.G 
A, H 



H 

A, H 

B, F, Q 



'Animals Implanted with 2-mg testosterone propionate peseta. 
° Animals hiptanted with 2-mg 1 70-estraoTol pellets. - 
NO, not determined. 



F ' 
C 
B 



' Measured by raoTolmrnunoassay (Bioscience Laboratories, Van Nuya, Catf .) on plasma samples pooled from 1 0 animals. 

c?r. te8t 
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1000 




100 



28 42 56 70 
DAYS 



10000 



1000 



IQOOOr 



1000 



100 



I0,000p 

l 




28 42 56 70 
DAYS 



i0.000r 



28: 42 56 70 
DAYS 

20000r_ 
10000 




1000 



42 56 70 
DAYS 




28 42 56 70 
DAYS 



10000 



100 



IOOO 



100 



42 56 . 70 
DAYS 



28 42 56 70 
DAYS 




42 56 70 
DAYS 



Chart 7. Kinetics of LNCaP tumor growth <n Intact and hormonaDy mantpUatsd alrfymlc nude mice. Experimental detate were as described for Table 7. The tunor 
volume {ordinate) k\oi mm was calculated from measunvneiits of turn* diameters with callpera 
intact males; S, castrated mates; C, castrated males iiirfaritedv^testosterpneproploiiate 

B, males Implanted with 170-astradlot (2-mg) petets; F, control intact femalasi'-G, ovarlectorntzed females; H, ovariectomized females Implanted wllh testosterone 
propionate (2-mg) pellets; I, ovariectomized females Implanted wtth 170-estractol (2-mg) petals; J, females Implanted with 170-estracHol (2-mg) petets. 



tumor enlargement, the calculated mean tumor vorume-dou^ting 
time was about 86 hr (T able §), which is only 1 .5 times longer 
than the mean popularJorvdoubOng time of LNCaP cells grown 
In vitro. Within 6 weeks after inoculation, the majority of tumors 
reached the weight of 1 g. The largest tumor observed weighed 
28 g at 9 weeks postJn|ectlon. No apparent distal metastases 
were found upon autopsy and subsequent histological anami- 
nation of the Internal organs. 

Tumors In Males versus Females. The frequency of tjjimor 
development and the mean time of tumor appearance are signif- 
icantly different for males versus females (Table 5). Male mice 
develop tumors earlier and at a greater frequency thai) did 
females. The rate of tumor growth, however, Is independent of 



the gender of the host (Chart 7). 

AP. Prostatic cancer in humans is frequently associated with 
elevation of prostatic acid phosphatase ki the plasma. Since 
prostatic acid phosphatase is produced In vitro by LNCaP carls 
(14), the AP activity In LNCaP tumor cytosol and In the plasma 
of tumor-bearing animals was measured. In nude mice, the 
plasma AP level was found to Increase concomitantly with the 
size of the tumors (Chart -6), but a considerable variation was 
encountered among Individual animals. Ninety-six % of animals 
with tumors over 100 cu mm (33 of 35 males and 16 of 16 
females) had plasma AP above.10 mflllunits/ml (f.e., higher than 
the upper range In control mice); however, the magnitude of the 
plasma AP elevation did not reflect tumor volume on an Individual 



8 
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basis. These observations could not be accounted for either by 
ttie total content of AP per tumor or by the relative AP activity 
per mg of cytosol protein. Table 6 shows that a 28-fold difference 
In plasma AP level was observed between 2 animals (Animals 1 
' gnd 3) while the total AP content per tumor differed only by 2- 
fold in these same animals. 

LNCaP Tumors and Hormonal Manipulations. Prostatic can- 
cer in humans, as wen as animal models of prostatic neoplasia, 
have shown responses to hormonal manipulation of the host in 
the LNCaP tumor model system, this was examined using 10 
groups of athymlo nude mice, each with a different hormonal 
status. Following injection of LNCaP cells, each group of animals 
was observed for time and incidence of tumor development 
(Table 7) as well as kinetics of tumor growth (Chart 7). Table 7 
shows that, under conditions of androgen deficiency, the per- 
centage of animals which developed tumors was significantly . 
reduced. When the androgen deficiency was corrected by s.c 
testosterone propionate implants, the tumor Incidence returned 
to levels similar to those In Intact males (Tables 5 and 7). 
Estrogen treatment did not result In a statistically significant 
modulation of tumor development. The graphic representations 
of Individual tumor growth In each of the 1 0 experimental groups 
(Chart 7, A to J) Dustrate that the rate of increase of tumor 
volume-was essentially independent of the hormonal status of 




OjM om aoe ooa 0.10 oj2 oj* are o.n a» 0.22 
[b] la oU 

^_ Chart 8. Scstctiarilpbtanaly&ofandrogenbln^ 
from a LNCaP tunor h' a mate athymlc nude mouse. Duplets cytosol samples 
(200 pi, 2 .3 mg protein per ml) were Incubated (22 hr, 4*) with pr^lrrathyltitonoione 
(SO ii, serial dfcrrJons from 1 to 162 run) In the presence andi In the absence of 
nonradtoacttve melhyltrfenctono (508 nu). The mixtures contained also triamcino- 
lone acetonhJe In 10C04au excess. Protein bound radfeacttvtty was determkied 
using the dextraivcoated charcoal technique, and the fraction. specfflca»y bound 
was calculated. The calculated K, Is lira*. 



Human Prostatic Carcinoma Model 

the animals. These results demonstrate that the formation of 
LNCaP tumors Is androgen responsive but that tumor growth is 
Independent of Intact gonadal function. 

Sex Hormone Receptors In LNCaP Tumors. High-affinity 
specific androgen receptor (Chart 8) was found in the cytosol 
from ail 38 nude mouse tumors examined (Table 8). No significant 
differences were observed in receptor content between tumors 
from intact and horrnonally manipulated animals of both sexes 
(Table 8), regardless of whether the results are expressed as 
per g of tissue, per mg protein, or per mg DNA. No correlation 
emerged between the tumor size and the cytosol androgen 
receptor concentration (Chart 9). 

Although the concentration of the nuclear androgen receptor 
was low (118 ±23 (S.E.) fmol/mg DNA and 463 ± 92 fmol/g of 
tumor], it was detected In 1 2 of 38 tumors examined. Nonquan- 
tffiabte trace amounts of nuclear androgen receptor were found 
In 20 additional tumors. In the remaining 6 tumors, no nuclear 
androgen receptor was detected. 

Estrogen receptor (Table 9) was present in the cytosol from 
an 14 tumors examined from nude mice (intact, castrated, or 
ovariectpmized). The specific and high-affinity (K* from 1 2 to 5.5 
rui) macromolecules sedknented In the 8S region using the 
sucrose density gradient centrffugation procedure. 

400 



300 



J 200 



I0O 



? ? 



e* 



f ? 



2 4 6 8 O 12 14 

TUMOR WEIGHT (g) 

Chart 9. Cytosol androgen receptor (Afl) h LNCaP faimorscfaBfererrl weights. 
Tumors induced In male and female athynfe nude mice after Injection of cultured 
LNCaP ce»s were removed at 3 to 10 weeks posanociiation and weired (at>- 
sofcsa). The concentration of the androgen receptor In the cytosol was measured 
aoconSng to the method of Kcks and Walsh (11); protein was measured mxxirdkig 
to the method of Lowry at eL (22) (ontinafe). 



Table 8 



Cytosol androgen receptor In IMePtumortfronBtfrymlcmitlemlca 

^S^t^^^^t} ^SH^l '" iectlon * V* 0 * ^ Ten ***** t™^**". ttmora were removed *nd Wed In iqMlCZ^^ 
5SS?^« tS^ 0801 p 2!22!^? , ?!I^^^£f mor8 111109 "»as««el by the competition DbidhB assay ^ me«ryrbrierKdon» aoeonlkig to the mo«^^rfioto^ 
Walsh (11). Protein was measured acconflrtg to trie method Lowry are/. (22); DNA was measured acoorrJng to Richards' raor^teSm(S^™uiemetfK^ iDfBurton 



P). 



Tumor host 


No. of tu- 
mors 


Cytosol protein 
content (mg/g tu- 
mor) 


Mala 


10 




Castrated male 


4 


60.8 ±1.9 


Castrated male with testoster- • 


S 


62.0 ±3.6 


one Implant 




Female 


10 


62.7 ±45 


OvarJectorrrized 


2 


77.1 


female 




66.0 


Ovarieetomtad female with 


7 


40.8 ±1.6 



DNAooritent 
(mg/g turner) 



Cytosol androgen receptor conc entratio n 



tnct/mg protetn fmol/mg DNA 



trfict/p turnor 



KiCM) 



tsstoeterona Implant 



42±0i37 
4.0 ±0.05 
3.3±0.19 

4.6 ±0.33 

4.5 

4.4 

ai±0L16 



129 ±16° 
126*16 
117 ±12 

208 ±3T* 

194 

125 

177 ±21 



1,682 ±236 
1.9301240 
1.844±144 

2,709 ±818 

3,320 

1,690 

2,284 ±212 



6,965 ±1,227 
7,683 ±975 
6.054 ±631 

11,198 ±2,245 
14.980 
7,000 

7.171 ± 820 



1.04 ± 0.18 
0.85 ± 0.03 
0.71 ± OM 

1.44 ±0.22 

0.90 

0.60 

0.85 ±0.004 



*Mean±8£. 

0 - 



SlfljTllieantdlfler^arfl^ 
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Table 0 

Cytosol estrogen receptors In LNCaP tumors from tttiymhi nudemfce j 
Tumors were induced by 's.o.hJecaon of 4 x 10- cultured LNCaF cete W 6- to 
a-week-otd rude mioe. Ovariectomy or castration was performed 3 days Before 
injection of LNCaP cefla. Ten weeks after inoculation, the tumors were removea 
and stored In liquid Nj. Estrogen receptor In the cytosot prepared '^'" d T du ^ 
tumors was measured both by the competition btndhg assay with DOT (25) and 

by the SDGC anaiystei (39) with nafoxtdlna as the competitor. : 

Receptor oonca itr a tton (Imol/mg cytosol protein) 
Males 



Intact 



Castrated 



Intact 



soec 


DCC 


SOGC 


DCC 


SOGC 


DCC 


ijj 


7.7 


7.0 


51.3 


5.2 


34.4 


2.7 


14.3 


ND 


14.8 


5.9 


80.2 


24 


21.0 


NO 


14.4 


4.8 


28.5 


4.9 


22.9 




195 


2JB 


234 



Ovariectonjteed 



NO 2-6 
ND *3 



*DCC, dextren-coated charcoal after 1Bhrsicubatlon;SDQC. sucrose density 
gradient eenttfuoation after 4-hr Incubation (OS peak); ND, not determined. : 



DISCUSSION 

This report characterizes the eel One LNCaP and demon- 
strates Its utility as a model for laboratory studies on human 
prostatic cancer In vitro and in the athymic nude mice. 

The LNCaP cells estabBshed from human CaP (14) could be 
reaoDy propagated In the laboratory by routine ceO culture meth- 
ods if appropriate measures are taken to prevent the weakly 
attached cells from being dislodged from the plastic growth 
surface. High growth saturation densities of monolayers, ade- 
quacy of tow serum concentrations to promote can division, 
arKitoragd-lndependent proliferation in semteoBd media, ahd ex- 
cellent cloning efficiency of the LNCaP cells are consistent with 
the generally recognized properties of neoplastic ceils A? tftro. 

The UN CaP cells are aneuploid. They have a fufl complement 
of human chromosomes, including the Y-chromosome is wen 
as several marker chromosomes. Their karyotype is clearly dif- 
ferent from that of HeLa eels which m the past were frequently 
mistaken for some estabBshed malignant cell Ones (29). The 
continuously maintained high degree of polyploidy, as well as 
the major karyotogkal characteristics in LNCaP cuttures.jexam- 
ined at 20 months or approximately 200 population doublings 
apart, suggest that the selection pressure from growth] condi- 
tions In vitro has not eliminated the apparent heterogeneity of 
the LNCaP ceDs. 

Evidence that the LNCaP cell Bne originated from :human - 
.prostatic cancer tissue is provided by: their morphology (14); 
preservation of functional differentiation; and maintenance of • 
malignant properties in the athymic nude mice. Organ-specific 
glycoproteins, such as human prostatic acid phosphatase (14) 
and prostatic antigen (30), are present in cultured ceH In cell 
culture fluids, In tumors Induced In the nude mice, and in the 
plasma of tumor-bearing animals. 

Functional differentiation, consistent with human prostatic ep- 
ithelial derivation, Is also reflected by the responsiveness of the 
LNCaP cells to androgens. The cellular proliferation Id vitro Is , 
modulated In a dose-dependent manner by the presence! of DHT 
In the culture medium. In addition, DHT has an enhancing influ-. 
ence on AP production by the LNCaP cultures. This jjffect Is 
apparently independent of the mitotic stimulation Induced by, 
DHT. Under conditions when DHT suppresses cell growth, the 
level of secretory AP in medium continues to rise. These obser- 
vations suggest that the Influence of androgen on ceQ division' 
and AP synthesis may follow different regulatory pathways In 
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human CaP. Recently, Hudson (16) reported an.tncrease In 
level of AP when short-term primary cultures of human CaP 
maintained in media'wtth DHT or testosterone. The detection 
a specific, high-affinity, low-capacity, saturable androgen rs: 
tor in the cytosol and nuctearextracts from both cuHured LNC 
ceDs, as weD as in nude mice tumors, provides the motecu 
basis for -the observed androgen responsiveness In vitro and 
vivo. LNCaP ceDs also contain specific estrogen receptor in f L 
cytosol, a finding consistent with the previously described pn__ kip 
ence of estrogen receptor In normal and malignant human pros^ 
tatic epithelium (28). .- v 
The presence of complete FBS In culture medium was foun|;.-; 
to prevent the derrwnstratiori of DHT growth-stimulatory effects-' ' 
in LNCaP cells. Such effects became apparent when steroioV 
depleted, rtarcoaUreated serum, e.g.. ZSD, (s used as the. 
growth medium supplement The reasons for this are unclear, - 
but these findings Imply the existence of a significant Interplay. - 
between androgens and charcoal-removable serum components, 
in the regulation of CaP oeH proliferation. Several contacting 
observations (19. 24, 42, 44) on the effects erf androgens on the 
in vitro growth of norma) and malignant human prostatic epithe- 
lium are perhaps due. ti part, to the use of a variety of complete 
mamrnalan sera as medium supplement 

MaSgnant properties and hormonal responsiveness In vivo of 
the LNCaP ceDs are maintained. After injection of the uncloned 
LNCaP cells Into nude mice, the time and frequency of tumor 
development is favored by. androgens. However, once the tu- 
mors are established, their growth rates are similar, regardless 
of trra gender or hormonal marfrxfetiOT 
that the LNCaP cultures may consist of cells which are hetero- 
geneous in their responsiveness to sex hormones. This is sup- 
ported by published evidence (17) that In the castrated rats the 
progression .of the Dunning prostatic axlenocarcinoma to an 
: arKirogerHndqjendent state is due to the basic r^rogeneity of 
the original inoculum and a fapJd selection process to v/m Future 
experiments with slngte-celWerlved clones could resolve this 
issue. 

The resistance of the LNCaP cell Dries to the antiproliferative 
as weD as the antiviral effects of HulFN/J Implies, but does rot 
prove conclusively, the existence of a defect In the eel receptor 
for type I interferon (2). Such defects are rare among human 
cells (5). It may tnerefore .be of value to assess, before large- 
scale clinical trials with interferon are undertaken In this disease, 
whether LNCaP cells are unique In this respect or whether 
Interferon resistance Is a common property of human CaP. 

Recent observations (unpublished) In our laboratory on the 
sensitivity of LNCaP tumors in nude mice to chemotherapeuBc 
regimens currently used In the treatment of CaP suggest the 
probable utility of this model for screening new drugs or combi- 
nations of drugs for potential activity against prostatic neoplasia. 

The complexity of CaP requires several model systems avail- 
able to the Investigator to study this disease (26). The well- 
characterized LNCaP cells should find its proper place In re- 
search aimed at finding relevant answers concerning etiology, 
genetic stability, hormonal regulation, Immunological properties, 
and the detection (30, 31) and therapy of human prostatic 
carcinoma. 
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LNCaP Progression Model of Human Prostate 
Cancer: Androgen-lndependence and 
Osseous Metastasis 
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BACKGROUND. Clinically, the lethal phenotypes of human prostate cancer are character- 
ized by their progression to androgen-independence and their propensity to form osseous 
metastases. We reported previously on the establishment of androgen-independent (AI) hu- 
man prostate cancer cell lines derived from androgen-dependent (AD) LNCaP cells, with 
androgen independence defined as the capability of prostate cancer cells to grow in castrated 
hosts. One of the sublines, C4-2, was found to be AI, highly tumorigenic, and metastatic, 
having a proclivity for metastasis to the bone. 

METHODS. We established the AI and bone metastatic cell sublines B2, B3, B4, and B5 from 
the parental C4-2 subline, using a previously established coinoculating procedure. We deter- 
mined the biologic behavior of the parental and derivative LNCaP sublines in vivo and in 
vitro, as well as their molecular and cytogenetic characteristics. 

RESULTS. Unlike other human prostate cancer models, the LNCaP progression model shares 
remarkable similarities with human prostate cancer. We observed a comparable partem of 
metastasis from the primary to the lymph node and to the axial skeleton, with a predominant 
phenotype of osteoblastic reaction; 25-37.5% of the animals developed paraplegia. Cytoge- 
netic and biochemical characterizations of LNCaP sublines also indicate close similarities 
between human prostate cancer and the LNCaP progression model. Additional chromosomal 
changes were detected in B2-B5 sublines derived from C4-2 bone metastases. These LNCaP 
sublines were found to grow faster under anchorage-dependent but not -independent con- 
ditions. The in vitro invasion and in vivo metastatic potential of these LNCaP sublines sur- 
prisingly correlated with anchorage-dependent and not -independent growth. The derivative 
LNCaP sublines when cultured in vitro produced a substantially higher (20-30-fold) amount 
of basal steady-state concentrations of PSA than that of the parental LNCaP cells. PSA pro- 
duction was high initially, but was markedly reduced when the derivative cell lines were 
inoculated and allowed to grow long-term in vivo for the establishment of tumors and 
metastasis, suggesting that unknown host factors derived either from the prostate or the bone 
can effectively downregulate PSA expression by prostate tumor epithelium. 
CONCLUSIONS. The LNCaP model of human prostate cancer progression will help improve 
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our understanding of the mechanisms of androgen-independence and osseous metastasis, 
and tumor-host determinants of PSA expression. Prostate 44:91-103, 2000. 
© 2000 Wiley-Liss, Inc. 
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INTRODUCTION 

The last decade has brought increased attention to 
and awareness of prostate cancer as a significant pub- 
lic health problem [1]. Prostate cancer is recorded as 
the leading cancer diagnosed and the second cause of 
cancer death in North American men [2]. Observa- 
tions at autopsy indicate that early prostate cancer 
evolves in a multifocal pattern within the gland. Al- 
though the treatment of localized disease has signifi- 
cantly improved, once prostate cancer progresses to 
the periprostatic space by penetration and perforation 
of the prostate capsule and/or by invasion of the peri- 
neural spaces to the lymph nodes, few therapeutic op- 
tions with limited durability are available. Clinical evi- 
dence suggests that after an initial responsiveness to 
androgen withdrawal, prostate cancer relapses to an 
androgen-independent state and metastasizes nonran- 
domly to the bone. 

Little is known about the biology of prostate cancer 
metastasis, the underlying mechanisms of metastasis - 
and androgen-independence, and the reciprocal inter- 
actions between prostate cancer epithelial cells and 
their surrounding stromal cells. This is due mainly to 
the fact that few in vivo model systems exist that 
closely mimic the natural history of progressive and 
metastatic human prostate cancer. By means of con- 
structing a cell-cell recombination model [3,4], our 
laboratory has observed the growth and androgen- 
independent progression in a human LNCaP prostate 
cancer model. A series of lineage-related LNCaP cell 
sublines that reflect the various steps of prostate car- 
cinogenesis and progression has been derived [5,6]. 
An androgen-independent (AI) cell line, C4-2, repro- 
ducibly and consistently follows the metastatic pat- 
terns of hormone-refractory prostate cancer by pro- 
ducing lymph node and bone metastases when 
injected either s.c. or orthotopically in either hormon- 
ally intact or castrated hosts [5,6]. This model permits 
the study of factors that determine the tropism of 
prostate cancer cells for the skeletal microenviron- 
ment. 

The goals of the present study are twofold. First, we 
wish to establish rapid bone metastatic LNCaP human 
prostate cancer sublines from an animal model of hu- 
man prostate cancer skeletal metastasis for future 
mechanistic and therapeutic studies. Second, we wish 



to characterize these LNCaP sublines with respect to 
their biologic, cytogenic, and biochemical characteris- 
tics. Our findings indicate that: 1) Stromal cells and 
host endocrine status play a pivotal role in "selecting" 
or "inducing" prostate cancer cells to acquire andro- 
gen-independence and osseous metastatic potential. 2) 
Specific cytogenetic alterations are associated with 
LNCaP sublines as a result of androgen-independence 
and metastatic progression. 3) Anchorage-dependent 
rather than -independent growth of the LNCaP sub- 
lines correlated with prostate cancer invasion in vitro 
and their metastatic potential in vivo. 4) PSA expres- 
sion by LNCaP sublines appears to be dysregulated 
and is independent of the presence of androgen but is 
highly sensitive to regulation by undefined host fac- 
tors). The LNCaP prostate cancer progression model 
reveals a basic principle in which epigenetic factor(s) 
derived from the host can "drive" the progression of a 
human prostate cancer cell line, LNCaP, to androgen- 
independence as well as to acquire osseous metastatic 
potential with defined cytogenetic changes. 

MATERIALS AND METHODS 

Establishment of an In Vivo Human Prostate 
Cancer Model 

LNCaP cells, passage 29 of the original line devel- 
oped by Horoszewicz et al. [7], were kindly supplied 
by Dr. Gary Miller (University of Colorado, Denver, 
CO). Passages 25-33 of a human bone fibroblast cell 
line, MS, established from a patient with an osteogenic 
sarcoma as described previously [8], were used in this 
study. 

Six- to eight-week old athymic nude mice (ncr 
strain [Balb/c background]), obtained from Charles 
River Laboratories (Baltimore, MD), were used for all 
in vivo experiments. They were kept under pathogen- 
free conditions in laminar flow boxes in accordance 
with established institutional guidelines and ap- 
proved protocols. Unless otherwise specified, LNCaP 
tumors were induced by s.c. coinjection of 1 x 10 6 
LNCaP cells and 1 x 10 6 MS cells into male athymic 
nude mice, as described previously [8]. Typically, cells 
were inoculated s.c. at 2-6 sites into the flank of intact 
mice. After 8 weeks, some mice were castrated bilat- 
erally by scrotal incision under methoxyflurane 
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Co-Inoculation s.c. 




Fig. I . Schematic derivation of LNCaP sublines from tumors maintained in intact and castrated athymic male mice. MS, fibroblasts derived 
from a human osteosarcoma. 



(Metofane®) anesthesia, and others were sham- 
operated. The tumors were maintained in the cas- 
trated hosts for an additional 4 or 5 weeks (Fig. 1). 

The C4 and C5 LNCaP sublines were established 
from tumors harvested from the castrated hosts at 4 
weeks (C4 subline) and 5 weeks (C5 subline) postcas- 
tration, as described [8]. A control LNCaP subline 
(subline M) was established from a LNCaP tumor 
maintained in an intact male host for 12 weeks (a sham 
operation was performed at 8 weeks), as described [8]. 
The C4-2 subline was established in a similar manner 
from a C4/MS chimeric tumor grown in a castrated 
male host [5]. All cell lines, passages 23-35, were 
grown in T-medium as described [9]. The cells were 
tested and found free of Mycoplasma. 

For subcutaneous injection of C4-2 cells (1.0 x 10 6 
cells /site), the cells were resuspended in RPMI-1640 
and 10% FBS and injected in 0.1 ml/site (27-gauge 
needle, 1-ml disposable syringe) at 6 sites per mouse. 
For orthotopic administration of the tumor cells (1.0 x 



10 6 cells), the cells were resuspended in the same me- 
dium (total volume of 20 pi) and were delivered to the 
dorsolateral lobe of the prostate gland of athymic mice 
by a 30-gauge needle, using a calibrated push-button 
Hamilton syringe (Reno, NV). Orthotopic injections 
were performed under methoxyflurane (Metofane®) 
anesthesia, with the prostate lobe exposed following 
lower midline abdominal incision. The wound was 
closed by metal clips (Autoclip, Clay Adams, Parsip- 
pany, NJ). 

Establishment of Fast-Growing Human Bone 
Metastatic Cell Lines 

In order to study the in vivo behavior of bone me- 
tastasis, we derived fast-growing sublines B2-B5 de- 
rived from bone metastases that have a defined cell 
lineage relationship with C4-2 (Fig. 1). C4-2 tumor 
cells, which adhere more loosely to culture dishes than 
fibroblasts and osteoblasts, were recovered by me- 
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chanically irrigating these cells with tissue culture me- 
dium. Pure bone metastasis-derived sublines B2-B5, 
as judged by morphological, cytogenetic, and immu- 
nohistochemical criteria, were obtained after 8-12 
rounds of these subculturing steps. 

The bone metastasis-derived sublines B2-B5 were 
grown in T-medium (see above) with 5% FBS. The 
cells were routinely tested and found to be free of 
Mycoplasma. Unless indicated otherwise four mice 
were injected (27-gauge needle, 1-ml disposable sy- 
ringe) subcutaneously with 1.0 x 10 6 B2, B3 (8 mice), 
B4, and B5 cells resuspended in 0.1 ml of T-medium 
and 10% FBS at 4 sites per animal. (The mice were 
bilaterally castrated by scrotal incision under me- 
thoxyflurane (Metofane®) anesthesia. The wound was 
closed by metal clips. Animals were routinely in- 
spected for physical abnormalities and tumor growth. 
Tumors were measured weekly, and their volumes 
were calculated by the formula L x W x H x 0.5236 
[10]. 

Characterization of the Parental and LNCaP 
Sublines: Crystal Violet Growth Assay 

Cellular growth rates for LNCaP, C4-2, and B2-B5 
sublines were determined using a 96-well plate (Bec- 
ton Dickinson, Lincoln Park, NJ) assay based on the 
uptake, retention, and elution of crystal violet. Cells 
were plated at low density (0.5 x 1CP cells) in 24-well 
plates (Becton Dickinson) and incubated for up to 8 
days. At days 2, 4, 6, and 8, the cells were fixed with 
1% glutaraldehyde (Sigma Chemical Co., St. Louis, 
MO) and stained with 0.5% crystal violet (Sigma) and 
washed as described [11]. Crystal violet dye was 
eluted with 0.5 ml of Sorenson's solution (9 mg of 
trisodium citrate in 305 ml of distilled H 2 0, 195 ml of 
0.1 N HC1, and 500 ml of 90% ethanol), and 100 ui 
were transferred to a 96-well plate. In all experiments 
the absorbency of each well was measured by a Titer- 
tek Multiscan TCC/340 (Flow Laboratories, McLean, 
VA) at 560 run, unless otherwise specified. Control 
experiments demonstrated that absorbance is directly 
proportional to the number of cells in each well. Ex- 
periments were performed in three wells per cell line. 
Experiments were repeated twice. 

Measurement of Prostate-Specific Antigen (PSA) 

Once tumors became measurable, blood samples 
for sequential PSA measurements were obtained by 
dorsal tail vein incision. Samples were collected in 75- 
mm microhematocrit capillary tubes and centrifuged, 
and the sera were stored at -20°C until further pro- 
cessing. PSA values in the serum were determined by 
a microparticle enzyme immunoassay (MEIA) for the 
quantitative measurement of PSA in an Abbott IMx 



clinical analyzer (assays kindly provided by Abbott 
Laboratories, Abbott Park, IL). 

For in vitro PSA measurement, cells were plated on 
Falcon plastic dishes (Becton Dickinson) and grown in 
T-medium to 80-100% confluence. After changing of 
the medium, PSA was measured in the supernatant 24 
hr later as described above, and normalized to the 
number of cells in the dish. Experiments were re- 
peated 3-7 times per cell line. 

Cytogenetic Analysis 

Cultures from B2-B5, fed 24 hr earlier with fresh 
medium, were exposed to Colcemid (final concentra- 
tion, 0.02 ng/ml) for 40 min at 37°C. Cells from these 
cultures were dislodged by exposing them to 2 ml 
Hank's balanced salt solution containing 0.01% tryp- 
sin. The single-cell suspension in 5 ml of RPMI-1640 
containing 10% FBS was centrifuged at 1,700 rpm for 5 
min. After discarding the supernatant, the cell pellet 
was disturbed and exposed to a hypotonic solution 
(0.06 M KC1) for 15-20 min. at room temperature. Af- 
ter centrifugation (1,700 rpm for 5 min), cells were 
fixed in acetic atid:methanol (1:3, v/v) for 15 min and 
then washed three times in the fixative. Conventional 
air-drying chromosome preparations were made fol- 
lowing routine laboratory techniques, as described 
elsewhere [12]. 

Invasiveness 

To determine the invasiveness of the different cell 
lines, Costar 12-well plates (Costar, Cambridge, MA) 
having a polycarbonate filter insert (polyvinylpyrrol- 
idone-free, 8-ji-m pore size) were coated with commer- 
cial Matrigel (Collaborative Biomedical Products, Bed- 
ford, MA) at a 1:3 dilution with serum-free T-medium 
and allowed to gel in a 37°C incubator for 30 min. 
LNCaP, C4-2, and B2-B5 cells were trypsinized to 
single-cell suspensions, and 2.5 x 10 3 cells in 0.5 ml of 
T-medium (5% FBS) were placed onto the Matrigel. 
One milliliter of T-medium (5% FBS) was placed in the 
lower compartment. Assays were incubated for 24 hr 
at 37°C with 95% air plus 5% CO z . The filters on the 
side of the lower compartment were stained with crys- 
tal violet, and after washing, the remaining dye was 
wiped with a cotton swab and the dye on the swab 
was eluted with Sorensen's solution. Then the cells in 
the upper compartment were stained, washed, and 
eluted. The absorbance of each well was measured. 
Invasiveness was calculated as percent (%) absorbance 
of the lower compartment/absorbance of the upper 
and lower compartment. Experiments were per- 
formed in triplicate. 
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Intrinsic Tumorigenic Activity of the Bone 
Metastatic Cell Lines 

Intrinsic anchorage-independent growth (soft agar 
colony formation) activity in vitro closely reflects the 
tumorigenicity of target epithelial cells [13]. Therefore, 
2.5 x 10 3 LNCaP, C4-2, and B2-B5 cells were trypsin- 
ized to single-cell suspensions; the cells were resus- 
pended in 0.3% agarose containing T-medium supple- 
mented with 2% TCM and plated on a 12-well plate 
(Costar) containing 0.6% agarose as a bottom layer. 
The cover layer, consisting of T-medium and 2% TCM, 
was changed weekly. Colonies larger than 0.4 mm 
were scored 6 weeks after plating. 

RNA Blot Analysis 

LNCaP, C4, C4-2, and B2-B5 cells were cultured to 
70-80% confluence; 48 hr prior to harvesting, cells 
were downshifted to serum-free conditions. Each cell 
line was then treated with 10" 9 M dihydrotestosterone 
(DHT) for 48 hr. Cells remaining under serum-free 
conditions served as control for basal PSA mRNA ex- 
pression. Total cellular RNA was extracted from cells 
by the RNAzol B® method (BiotecX Laboratories, Inc., 
Houston, TX), a single-step purification protocol de- 
scribed by Chomczynski and Sacchi [14], Equal 
amounts of RNA as determined by absorbance at 260 
ran were subjected to RNA blot analysis by electro- 
phoresis in a 0.9% agarose gel containing 2 M formal- 
dehyde. RNAs were transferred by capillary blotting 
onto Zetaprobe® membrane (Bio-Rad, Richmond, 
CA), using 1 x TAE (0.04 M Tris-acetate, 1 mM EDTA) 
buffer. RNAs were cross-linked to the membranes by 
ultraviolet exposure, using a Stratalinker® (Stratagene, 
La Jolla, CA) at 1,500 uj, and membranes were prehy- 
bridized in hybridization buffer (10% dextran sulfate, 
1% standard saline citrate, 1 M NaCl, and 20 ^g/ml 
salmon sperm DNA). The solution hybridization was 
performed by incubation at 65°C overnight by expos- 
ing the membranes to a 32 P-labeled PSA cDNA probe 
having a specific activity >1 x 10 8 dpm/|xg. After hy- 
bridization, the membranes were washed in 2 x stan- 
dard saline citrate at room temperature for 30 min, 
and were then washed under highly stringent condi- 
tions (2 x 30 min in 2 x standard saline citrate/1% 
sodium dodecylsulfate, then 1 x 30 min 0.5 x standard 
saline citrate/1% sodium dodecylsulfate) at 65°C. Au- 
toradiograms were prepared by exposing Kodak X- 
Omat AR films to the membrane at -80°C with inten- 
sifying screens. Autoradiograms of RNA blot analysis 
for PSA were analyzed and PSA values were normal- 
ized to 18 S mRNA by means of ImageQuant® (Mo- 
lecular Dynamics, Sunnyvale, CA). 



Histomorphologic Characterization of Tumors 

Specimens for routine histological examination 
were fixed in 4% paraformaldehyde and 5 mM MgCl 2 . 
Six-micron paraffin-embedded tumor sections were 
cut and stained with hematoxylin and eosin. Bone me- 
tastases were decalcified in 0.25 M EDTA. 



RESULTS 

In a previous study [6], we established an andro- 
gen-independent, tumorigenic, and bone metastatic 
cell line, C4-2, through a series of coinoculations of the 
human prostate cancer cell line LNCaP and the bone 
stromal cell line MS. In the present study, we focused 
on the characterization of the LNCaP cell sublines that 
metastasize to the bone and cell lines derived directly 
from those bone metastases. As shown in Figure 1, the 
AI C4-2 subline and the four AI bone metastasis- 
derived sublines, denoted as B2-B5, were derived 
from C4-2 tumors grown repeatedly in castrated male 
hosts, with the exception of B2, which was grown in 
an intact male host. 

Cytogenetic analysis demonstrated that all four 
C4-2 bone metastasis-derived sublines (B2-B5) were of 
human origin [5,6]. The chromosome numbers in these 
C4-2 sublines varied between 80-89. Figure 2A-E 
shows typical C—banded karyotypes of the parental 
C4-2 and its bone metastasis-derived sublines, B2-B5. 
The cell lineage relationship was confirmed by com- 
mon marker chromosomes, which were chromosomes 
1, 2, 6, 10, 13, 15, and 16. Chromosome 8 had an 8p 
deletion in all sublines. B4 and B5 did not acquire any 
new marker chromosomes. The B2 subline acquired 
both stochastic deletion of the Y chromosome and the 
appearance of a new marker, a translocation between 
chromosomes 3q and 12q. B3 acquired two marker 
chromosomes: ml = i(7q) in some metaphases, and m2 
= der (ll)t(llp+?). These markers appear to be asso- 
ciated with metastatic LNCaP sublines [5,6]. B5 is de- 
leted for Y chromosome. 

The growth curve of the parental LNCaP cell line in 
vitro was distinctly slower than that of its sublines 
C4-2, B2, B3, B4, and B5, as shown in Figure 3A. Pre- 
vious studies showed that soft agarose colony- 
forming activity correlated well with in vivo tumori- 
genicity [3]. Results of this study, however, showed 
that anchorage-independent growth of C4-2 and B4, 
but not B2, B3, and B5 sublines, reflected accurately 
the in vivo growth potential of these bone metastasis- 
derived cell lines (Fig. 3B, Table I). Although there 
appear to be correlations between the latency of tumor 
growth, with B4 tumors growing faster than B2, B3, 
and B5, the frequencies of anchorage-independent 
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Fig. 2. Cytogenetic analysis: representative G-banded karyotypes for each of the cell lines, C4-2 (A), and C4-2 B2-C4-2 B5 (B-E), are 
displayed. Karyotype analysis confirms that cell lines are both human and derived from the C4-2 parental cell line, which was used to derive 
the bone metastatic variants. 



growth of the latter were substantially lower than 
those of the parental LNCaP cells, which were shown 
to be nontumorigenic and nonmetastatic when inocu- 
lated subcutaneously in athymic hosts [3,5,6]. In com- 
parison to the parental LNCaP cell line, all of the meta- 
static LNCaP cell sublines (C4-2, and B2-B5) 
presented a 2-3-fold higher invasiveness in a tran- 
swell Matrigel invasion assay (Fig. 3C). 

RNA blot analysis indicates that all LNCaP sublines 
with a defined cell lineage relationship express mRNA 
for prostate-specific antigen (Fig. 4A,B). PSA mRNA 
expression can still be induced by dihydrotestosterone 



(DHT) at physiologic concentrations, but to a lesser 
degree in the AI cell lines (Fig. 4A,B). Interestingly, 
androgen slightly suppressed PSA expression in the 
B3 cell line (Fig. 4B). Due to the unexpectedly low level 
of PSA mRNA in the B4 subline, we subcloned this 
line to determine whether this was clonal variation 
among B4 clones. Several single-cell clones of B4 (such 
as B4 (6-1); see Fig. 4A,B) were observed to have el- 
evated PSA mRNA levels. Conversely, an additional 
observation was made when reinjecting the B3 cell line 
in vivo. A cell line isolated from a B3 tumor expressed 
high levels of PSA in vivo, but upon subcloning of a 
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Fig. 3. In vitro assays. A: In vitro growth curves in S% FCS assessed in a crystal violet growth assay. B: Anchorage-independent growth 
in a soft agar colony formation assay, normalized to LNCaP. C: Invasiveness of LNCaP and sublines in a Matrigel invasion assay expressed 
in percent of cells invading Matrigel. " 



TABLE 1. Tumor Formation and Metastasis in Castrated Host by 
Subcutaneous Injection 


Tumor 
Cell line formation s.c. 


Latency 
(median; range) 


Paraplegia 


Latency 
(median; range) 


B2 
B3 
B4 
B5 


4/4 (100%) 
7/8 (87.5%) 
4/4 (100%) 
4/4 (100%) 


11 wks (10-12) 
11.2 wks (11-13) 
7.3 wks (5-11) 
10.7 wks (9-12) 


1/4(25%) 
3/8 (37.5%) 
1/4(25%) 
1/4(25%) 


19 wks (19) 
14.3 wks (13-16) 
5 wks (5) 
16 wks (16) 



B3 tumor, the B3.1 subclone expressed substantially 
lower levels of PSA in vitro (Fig. 4A,B). These results 
suggest that the microenvironment of the tumor cells 
plays a key role in determining the steady-state levels 
of PSA expression in prostate tumor cells. 



RNA blot analysis for the human androgen receptor 
consistently demonstrated a 9.4-kb transcript for the hu- 
man androgen receptor in all cell lines (data not shown). 

To determine if the C4-2 sublines were metastatic in 
vivo, we compared both the tumorigenicity and the 
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Cell Line 

Fig. 4. Regulation of PSA expression in the LNCaP cell lineage model by dihydrotestosterone. Cells were exposed to dihydrotestos- 
terone (DHT) at I0" 9 M for 48 hr under serum-free culture conditions. A, left: Androgen-induced PSA mRNA expression in parental 
LNCaP and its lineage-derived sublines. Intrinsic PSA was lower in the B4-derived subline from an early passage culture. DHT induced an 
increased PSA mRNA in the androgen-dependent rather than the androgen-independent LNCaP sublines. Androgen-independent C4-2 and 
its derivative bone sublines responded to a lesser extent than the parental LNCaP to DHT. Right: Responsiveness of PSA mRNA to DHT 
in the LNCaP subline, B4 variant 6-1. Note that this variant has a much higher basal level expression of PSA; it remained unresponsive to 
DHT. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading control. B: Determination of the fold change in PSA mRNA 
expression with (+) and without (-) treatment with DHT. All data are expressed as fold change PSA/GAPDH and are normalized to LNCaP 
without DHT treatment 



metastatic potential of these C4-2 sublines. Whereas 
the incidence of tumor formation in mice inoculated 
with 1.0 x 10 6 cells of the LNCaP subline C4-2 was 
affected substantially by the site of injection (100% 
orthotopic vs. 1.5% s.c.) [6], the tumorigenicity of 1.0 x 
10 6 cells each of the four bone metastasis-derived sub- 
lines, denoted B2-B5, was not influenced by the site of 



injection; subcutaneous reinoculation of the bone me- 
tastasis-derived cell lines B2-B5 resulted in rapid tu- 
mor growth, with incidences ranging from 87.5-100% 
(Table I). Bone metastasis-derived cell lines grew tu- 
mors more rapidly in vivo than the C4-2 cell line (5-13 
weeks as compared to 9-14 weeks), and a fraction of 
the animals (25-37.5%) developed paraplegia faster 
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Macroscopic and histological characterization of LNCaP sublines. A: Primary tumor of the B4 subline. Note the presence of 
multiple mitotic figures. B: Dissected spine of a paraplegic animal due to osseous metastasis of the B4 subline. Arrows indicate enlarged 
spinal metastasis. C: Longitudinal section of a spine with osseous metastasis and compression of the spinal cord. Arrows indicate the 
encroaching bone metastasis resulting in spinal compression. D: Spinal metastasis resulting from the B2 subline. Note the poor organization 
and high degree of dysplasia found in this tumor. E: Spinal metastasis derived from a B3 subline. Note a poorly organized carcinoma 
encroaching on the spinal cord. F: High magnification of a B3-derived spinal metastasis. This high-magnification view clearly shows 
osteoblastic response and bone remodeling by the B3 subline. G: Low-power view of a B4 spinal metastasis. Note poorly organized 
carcinoma with remodeled and newly deposited osteoid encroaching upon the spinal cord. H: High-power view, showing bone remodeling 
from a B5 sublme-derived spinal metastasis. Newly deposited osteoid contains carcinomatous elements (A, F, H, x62.5; C, D, E, G, x3 1 .25). 
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Fig. 6. Secretion of PSA protein measured in ng/ml of LNCaP and lineage-derived sublines in vitro. Data were expressed as mean (± 
standard deviation) PSA protein secreted by the different cell lines per 1.0 x 10 s cells. 



(5-19 weeks) than those animals inoculated with C4-2 
cells (mean, 29 weeks; range, 17-43 weeks; see Thal- 
mann et al. [6]). Histomorphologically, the primary 
tumors were poorly differentiated (Fig. 5A). 

One animal inoculated subcutaneously with B4 
cells developed osseous metastasis as early as 5 weeks. 
Overall, the bone metastasis-derived cell lines had a 
bone metastasis incidence of 33.3% (range, 25-37.5%). 
Seven of 20 (35%) animals developed cachexia prior to 
osseous metastasis and had to be sacrificed. 

Bone metastases (Fig. 5B) induced a vast osteoblas- 
tic reaction (Fig. 5D-H), with compression of the spi- 
nal cord and subsequent paraplegia (Fig. 5C). Figure 
5D-H depicts a panel of osseous metastases (B2-B5). 
The osteoblastic tumor deposits had an increased 
basal metabolism, and hence elevated uptake and se- 
questration of 99mTechnetium-methylene diphospho- 
nate in whole-body sagittal imaging bone scans, as 
shown previously [6] (data not shown). 

PSA expression was generally high initially in ani- 
mals carrying LNCaP subline-derived tumors, but 
PSA became greatly depressed when tumors were 
maintained in hosts for longer periods (>5 months, 
data not shown). Animals injected with C4-2 or bone 



metastasis-derived LNCaP sublines developing osse- 
ous metastases and paraplegia tended to secrete lower 
levels of PSA in vivo than animals who did not de- 
velop bone lesions. Interestingly, this was reversed in 
vitro. As demonstrated in Figure 6, the bone metasta- 
sis-derived cell lines secreted up to 20-fold more PSA 
per million cells into the medium than the parental 
LNCaP cell line. The B4 cell line expressed large 
amounts of PSA protein in vitro, despite low mRNA 
levels. 

The phenotypic characteristics of the LNCaP model 
of prostate cancer progression is summarized in Table 
II and indicates that by passaging cells through hosts, 
the phenotype can be altered permanently in terms of 
tumorigenicity, metastatic potential, cytogenetic sta- 
tus, and biologic behavior. 

DISCUSSION 

The process of metastasis is a cascade of linked se- 
quential steps involving complex genetic and epige- 
netic interaction [4,15]. To gain further insight into the 
molecular events that lead to cancer metastasis and to 
establish useful experimental models of prostate can- 
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TABLE II. Phenotypic Characterization of Parental LNCaP, Androgen-independent Sublines C4 and C4-2, and Bone 

Metastasis-Derived Cell Lines B2, B3, B4, and B5 



Cell 
line 


No. of 
in vivo 
passages 


Androgen-dependent 


PSA 
production 


Tumorigenicity 

Castrated 
Male host 


Metastasis 

to the 
skeleton 


LNCaP 


0 


Yes 


Yes 


No 


No 


No 


C4 


1 


No 


Yes 


Yes 


No 


No 


C4-2 


2 


No 


Yes 


Yes 


Yes 


Yes 


B2 


3 


No 


Yes 


Yes 


Yes 


Yes 


B3 


3 


No 


Yes 


Yes 


Yes 


Yes 


B4 


3 


No 


Yes 


Yes 


Yes 


Yes 


B5 


3 


No 


Yes 


Yes 


Yes 


Yes 



cer metastasis, a number of approaches have been 
implemented. For example, genetic manipulation of 
prostate epithelial cells either through oncogene trans- 
fection [16-18] or transgenic mice using tissue-specific 
promoters [19-21] has resulted in low or no incidence 
of bone metastasis, with little evidence of osteoblastic 
reaction. Recognizing the importance of the tumor- 
host microenvironment interaction in dictating tumor 
behavior in vivo [4,22,23], we have derived human 
prostate cancer cell lines from tumor xenografts or 
their metastases by subculturing tumor cells from chi- 
meric xenografts [3-6,8], and rat prostate cancer epi- 
thelial and stromal cell lines by altering the host mi- 
croenvironment [9]. These efforts resulted in obtaining 
prostate tumor cells with defined tumorigenic and 
metastatic potential. 

In the development of an in vivo mouse model of 
human prostate cancer metastasis, we observed that a 
marginally tumorigenic human prostate cancer cell 
line, LNCaP, can be induced to acquire and /or adapt 
to these changes, resulting in AI progression, with the 
resulting cell acquiring tumorigenic and osseous 
metastatic phenotypes when grown under androgen- 
depleted conditions with inductive prostate or bone 
stromal cell lines in vivo [5,6,8]. These findings exem- 
plify the key role of stromal cells and the hormonal 
status of the host in directing cell-cell interaction and 
dictating the changes leading to the subsequent ex- 
pression of androgen-independent and metastatic 
phenotypes. The present communication documents 
the genotypic and phenotypic alterations of human 
prostate cancer cell lines derived from spontaneous 
experimental bone metastases of LNCaP lineage- 
derived cell sublines. These LNCaP sublines have ac- 
quired diverse tumorigenic and metastatic potential. 

The LNCaP model of prostate cancer progression 
mimics the clinical features of human disease: 1) An- 
drogen-dependent (defined as prostate tumor or cells 
capable of growing subcutaneously and secreting PSA 



only in intact male hosts when inoculated with sup- 
porting stromal cells or extracellular matrix) LNCaP 
cells progress to become androgen-independent (de- 
fined as cells capable of forming PSA-secreting pros- 
tate tumors in castrated male hosts without support- 
ing stromal cells or extracellular matrix) upon 
interaction with bone stromal cells in castrated hosts, 
resulting in the derivation of lineage-related LNCaP 
sublines C4-2, and B2-B5. 2) Androgen-independent 
LNCaP sublines synthesize and secrete PSA in an AI 
manner. However, a reduced level of PSA expression 
by androgen-induction was observed. The LNCaP de- 
rivative sublines express androgen receptor, and this 
receptor is functional and can be stimulated by physi- 
ologic and superphysiologic concentrations of exog- 
enous androgens. 3) When grown orthotopically, LN- 
CaP sublines induced localized prostate cancer and 
growth, invading the seminal vesicles and metastasiz- 
ing to the lymph nodes and the bone, where they in- 
voked a marked osteoblastic reaction of the skeleton. 
Animals subsequently developed signs of paraplegia 
and cachexia followed by death [6]. The behavioral 
patterns of invasion, migration, and dissemination are 
commonly observed in men with clinical prostate can- 
cer. 4) Analysis by means of comparative genomic hy- 
bridization (CGH) [24] confirmed the cell-lineage re- 
lationship between the parental LNCaP and its 
sublines. Although the regions of chromosomal losses 
or gains are not in complete concordance using either 
CGH or conventional cytogenetics, it was noted that 
marked chromosomal changes occurred in LNCaP 
bone metastasis-derived sublines, as defined by both 
conventional (Fig. 2) and CGH [24] techniques. Re- 
markably, 15 of the 16 genetic changes documented in 
the C4-2 human prostate cancer progression cell line 
[24] were reported in cytogenetic studies of clinical 
specimens of human prostate cancer [25-30]. These 
results suggest that the LNCaP human prostate cancer 
progression model has the unique advantage of 
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closely mimicking the phenotypic and genotypic 
changes often found in clinical human prostate cancer. 

PSA mRNA expression is elevated in the LNCaP 
sublines (Fig. 4A,B). The fold of androgen induction of 
PSA mRNA decreases with the acquisition of andro- 
gen-independence (Fig. 4B). Interestingly, the B4 cell 
line, which expresses PSA on the protein level in vitro 
and in vivo, expressed low amounts of PSA mRNA in 
vitro. Single B4 cell clones were then expanded and 
showed PSA expression comparable to that of the 
other bone metastasis-derived cell lines, indicating 
clonal diversity. This is also supported by the fact that 
a B3-derived subline, expressing high PSA in vivo, 
demonstrated low levels of PSA mRNA expression in 
the derivative B3.1 subline (Fig. 4A,B). In other cases, 
however, PSA was expressed initially in the tumor 
xenografts (e.g., C4-2 tumors), but the levels of PSA 
decreased markedly as tumors were maintained in the 
castrated hosts for longer periods until bone metasta- 
sis was detected. We attribute this to downregulation 
of PSA expression by soluble factors secreted by bone 
stromal cells. Koeneman et al. (unpublished observa- 
tions) showed that PSA promoter-reporter expression 
in LNCaP and C4-2 cells is depressed by the condi- 
tioned media obtained from bone stromal cell lines. 
Finally, all LNCaP sublines expressed PSA at the pro- 
tein level, with the level of PSA expression positively 
correlated with the osseous metastatic potential of the 
derivative sublines (Fig. 6). 

Of the four bone metastasis-derived cell lines, only 
B4, which was derived from a castrated host that was 
injected with C4-2 cells orthotopically (presumably 
cellular interaction occurs between C4-2 cells and the 
host mouse prostate stroma), showed increased tu- 
morigenicity and rapid development of bone metasta- 
ses when subsequently injected s.c. in athymic cas- 
trated male mice. The other bone metastasis-derived 
C4-2 sublines (B2, B3, and B5) originated from subcu- 
taneous administration of C4-2 cells in intact or cas- 
trated hosts. These observations suggest that the stro- 
mal-epithelial interaction (with stromal cells derived 
either from the skin or the prostate) under androgen- 
depleted conditions might subselect cell clones with a 
more malignant phenotype. A growing body of ex- 
perimental evidence supports the concept that andro- 
gen deprivation enhances the development of andro- 
gen-independent growth and the acquisition of 
metastatic potential by prostate cancer cells. In the 
Noble [31] and Dunning [32] rat models, androgen- 
independent and metastatic prostate cancer cell clones 
were selected from tumors maintained in androgen- 
deprived male hosts. In the androgen-dependent 
Shionogi mouse mammary tumor model [33], castra- 
tion produced an androgen-independent subclone. In 



the present LNCaP progression model of human pros- 
tate cancer, we have demonstrated that such selec- 
tion/adaptation may occur in tumors maintained in 
castrated hosts. These results may have profound im- 
plications when considering the natural course of 
prostate cancer androgen-independent progression in 
androgen-deprived hosts. After hormonal therapy, 
prostate cancer frequently progresses to an androgen- 
refractory state. A subset of these patients with andro- 
gen-independent disease, treated with maximal an- 
drogen blockade using nonsteroidal antiandrogens, 
may progress and could benefit from a withdrawal of 
the nonsteroidal antiandrogens such as flutamide and 
bicalutamide [34]. This may be a consequence of pro- 
longed androgen-deprivation. Based on results ob- 
tained from tissue culture and animal models, it was 
suggested that long-term culture of prostate cancer 
cells in an androgen-deprived environment [35,36] re- 
sults in the development of androgen suprasensitivity 
or androgen receptor mutations. It is conceivable that 
intermittent androgen suppression, which is currently 
being evaluated in clinical trials, might depress the 
emergence of androgen-independent clones from the 
stem-cell populations within prostate tumors [37]. 

Overall, these findings illustrate the importance of 
the host and tumor environment on the biologic be- 
havior of tumor cells. Although vascular anatomy 
[38,39] may account in part for the selectivity of pros- 
tate cancer for the axial skeleton, considerable experi-. 
mental evidence [3,5,6,8,13,40] has substantiated that 
local factors, such as bone fibroblasts, extracellular 
matrix, and growth factors, play an important role in 
tumor progression and metastasis, thus supporting 
Paget's "seed in fertile soil" theory [41]. 

In summary, we established an osseous metastatic 
model of human prostate cancer. Evidence suggests 
that androgen-deprivation may facilitate androgen- 
independent progression and acquisition of metastatic 
potential by prostate cancer cells in a nonrandom 
manner. We have characterized the molecular, bio- 
chemical, and cytogenetic characteristics of osseous 
metastasis-derived LNCaP sublines in vitro and have 
correlated these findings with the tumorigenicity and 
metastatic potential of these cells in vivo. This model 
of human prostate cancer progression and metastasis 
closely mimics the genetic and pathological processes 
of cancer growth and progression in men. 
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